Stable electrochemical patterns appear spontaneously around roots of higher plants and are closely related to growth. An electric potential pattern accompanied by lateral root emergence was measured along the surface of the primary root of adzuki bean (Phaseolus angularis) over 21 h using a microelectrode manipulated by a newly developed apparatus. The electric potential became lower at the point where a lateral root emerged. This change preceded the emergence of the lateral root by about 10 h. A theory is presented for calculating two-dimensional patterns of electric potential and electric current density around the primary root (and a lateral root) using only data on the one-dimensional electric potential measured near the surface of the primary root. The development of the lateral root inside the primary root is associated with the influx of electric current of about 0.7 gA.cm-2 at the surface.
The electrochemical field surrounding and within living bodies is suggested to be important for growth or development (10, 12) . Plant roots make stable electrochemical patterns around themselves spontaneously (1, 6, 11, 22, 25, 26) . These patterns are closely related to growth, and hence the elongation of roots and shoots can be controlled by an electric field and voltage applied externally (7, 9, 15) and disturbance of such patterns causes suppression of elongation (24) . Similar electrochemical patterns are observed in unicellular systems (2, 4, 5, 25) and the electric asymmetry also appears in gravireception (20) .
In this paper, an electric potential pattern preceding lateral root emergence was measured along the surface of a primary root by the microelectrode technique. The electric potential became lower at the emerging point, preceding the emergence of a lateral root by about 10 h. We also provide a theory for calculating two-dimensional patterns of electric potential and electric current density around the primary root using only the measured electric potential near the surface of the primary root. This theory is consistent with the observed two-dimensional pattem of electric potential previously reported (8) .
Thus, the two-dimensional pattern of electric current can be calculated for any stage of lateral root emergence. The development of the lateral root inside the primary root is associated with an electric current of about 0.7 gA.cm-2 flowing into the future-emerging point on the primary root.
MATERIALS AND METHODS

Plant Material
The plant used for these experiments was the leguminous plant adzuki (Phaseolus angularis). Seeds of adzuki bean were soaked for 4 h in distilled water kept at 400C and were placed on filter paper moistened with 0.1 mm KCl and 0.05 mm CaCl2 in darkness at 300C. Six-day-old seedlings with a primary root 100 to 120 mm in length were used. Figure 1 shows the experimental setup. The electric potential in the solution near the root surface was detected by a computer-controlled microelectrode technique. The electrode had a tip diameter of 200 ,um and was filled with 10 mm KCl and 1% agar containing an Ag/AgCl wire. A reference electrode was placed apart from the root. An electric potential pattern was measured precisely and minutely by moving the electrode along the root surface using a newly developed apparatus, which was constructed of an automatic X-Y stage controlled by a computer. The position of the microelectrode relative to the root was observed using a microscope with a video camera attached. The apparatus could resolve separate measuring points with a precision of 10 ium. The electric potentials measured by a digital voltmeter through a highinput impedance amplifier (AD548 [Analog Devices, Tokyo] 3 x 1012 Q) were stored on a computer.
Measurement System
The root was laid horizontally in a chamber filled with a viscoid aqueous medium (0.1 mm KCl, 0.05 mm CaCl2, and 0.5% methyl cellulose 400), 4 mm in depth, volume 75.3 mL, at 270C. Methylcellulose 400 was used to make the electrochemical patterns stable; if it was not used, the pattern was disturbed by convection or mechanical vibration. The electrode was moved along the primary root surface at 200-,um intervals while keeping a distance of 200 ,um from the surface.
The measurement was made in the region along a 6-mm line on the primary root surface in the direction of the longitudinal axis beginning about 70 mm from the root tip. It took about 2 min to measure the electric spatial pattern, and the scannings were made repeatedly over 21 h. The elongation region was about 1 to 5 mm from the tip, and hence this measuring region was the mature region that showed no response to the gravistimulation.
To avoid the influence of the drift of the electrode potential, the electrode was moved adjacent to the reference electrode valency, the gas constant, the absolute temperature, and the Faraday constant, respectively. The ionic flux, the ionic concentration, and the electric potential (denoted by ji ci, and X, respectively) are functions of the space r. The electric current density I in the aqueous medium can be written as I = YziFji. (3) Poisson's equation is expressed by V20 = -p/,E (4) where e represents the dielectric constant of water, and p is the electric charge density: p = Fyzici. and then an offset potential of the electrode was calibrated in each scanning. Figure 2 shows the measured result when this apparatus was used under conditions with only viscoid aqueous medium. A maximum deviation of ±0.1 mV between each scan and a maximum of ±0.07 mV in one scan can be seen during 20 h. This measurement error seems to have originated in the tip potential change of the electrode caused by the movement of the electrode.
THEORY
The one-dimensional electric potential pattern was measured along the surface of a root. Hence, the electric current density in the scanning direction of the electrode is directly estimated from the potential gradient, i.e. the component tangential to the root surface.
The component of electric current density normal to the root surface can be theoretically estimated using the surface electric potential pattem. The validity of the present theory is shown by comparing the calculated electric potential in the two-dimensional plane around a primary root tip with data previously obtained using a multi-electrode measuring apparatus (8) .
Basic Equation
In the stationary state, the continuity of the flux of the i-th ionic species is expressed as If we can establish the boundary conditions of the electric potential and the concentrations of all ionic species, the variables +(r) and ci(r) are obtained as the solutions of Equations 1 and 4. However, it is difficult to measure the concentrations of all ionic species at the boundary simultaneously; hence, we try to give an expression for the electric current using two approximations.
The first is electric neutrality, p = 0, as a common approximation in the aqueous solution. With this approximation, Equation 4 is rewritten to Laplace's equation:
Using Equation 6 instead of Equation 4, the electric potential distribution can be solved with the measured pattern of the surface electric potential as a boundary condition (see Eq. 10).
The electric current density expressed by Equation 3 depends on the gradients of the electric potential and the ionic concentrations. If the diffusion flux (i.e. the first term on the right side of Eq. 2) and the electrically driven flux (i.e. the second term) are in balance, the flux becomes zero. This represents equilibrium. On the other hand, the roots generate inward and outward fluxes of some specific ions, e.g. H+, as shown by electric currents (1, 16, 25) ; hence, the electrically V.ji = 0, with the expression for the ionic flux ji: ji = -WRTVci -z,FcjCjV0, (1) where cw, zi, R, T, and F represent the molar mobility, the driven flux must be greater than the diffusion flux. As the second approximation, therefore, we put JRTVcjI<<IzjFcjV0j.
Under this condition, Equation 3 reduces to I = -Ez,2F2W,ccVO. to the calculation of electric current using the vibrating probe because a specific resistivity of the medium was used (26) . Whereas this approximation will lead to an underestimate of electric current due to neglect of diffusion flux, the flow pattern cannot change seriously.
Analysis of Electric Potential Distribution
To confirm the validity using Laplace's equation, Equation 6 was applied to the electric field around a primary root, measured previously using a multi-electrode apparatus (8) .
The root was laid horizontally in a thin layer of the medium. Therefore, there was little gradient of the electric potential in a vertical direction except in the region close to the root surface. Thus, the electric potential distribution is calculated in the region of the horizontal plane. The longitudinal and radial coordinates are denoted by z and r, respectively. The measuring region of the surface potential is 0 < z < L, at r = 0. The limitation in r direction, Lr, is the location where the electric field is expected to decrease substantially.
The boundary conditions of Equation 6 are established as follows:
4O(Lr,Z) = fILZ f(z)dz,
* cosh (
The calculated result of Equation 10 is compared with the experimental data on the two-dimensional measurement of the electric potential around a primary root (8) . Figure 3 shows an example of the theoretical potential distribution using Equation 10 under the following conditions: both Lr and Lz are 30 mm, and the measured values at r = 0 were adopted as the function f(z) after the interpolation. The electric potential pattern along the root surface decreases monotonicaly with the distance from the surface.
The electric potentials were measured in the region 0 < z < 30 mm and 0 < r < 10 mm at 2-mm intervals in each direction. Figure 4 shows comparison of the theoretical values (solid lines) shown in Figure 3 with the experimental values denoted by circles (8) . The potential pattern at r = 6 mm is shown in Figure 4a and the pattern at z = 22 mm, where the largest decrease of potential was observed, is shown in Figure  4b . The estimation errors were as small as 16.4% and 5.2% for Figure 4 , a and b, respectively.
The good agreement between the theory and the observed data implies that the above-described theoretical scheme is suitable for the analysis of the electric potential around a root. In the following section, therefore, we calculated the two-dimensional electric current pattern I(r,z) of Equation 8 from the two-dimensional electric potential pattern 4(r,z), which can be expressed by Equation 10 using the measured one-dimensional electric pattern at the root surface.
RESULTS
Correlation between the Temporal Change in Electric Potential and Growth of Lateral Roots Figure 5 shows the temporal change in the spatial pattern of one-dimensional electric potential along a root surface. Although a specific pattern of the electric potential was not seen when the measurement started, a valley in the electric potential appeared after a few hours and remained for about 20 h. Figure 6 shows the data extracted from Figure 5 in the electric potential appeared around a point 71 mm from the root tip. All of these changes, i.e. the appearance of the potential valley and increment of whole potential, were larger than the measurement error mentioned in Figure 2 . at the point of future lateral root emergence in all cases. The time difference between the appearance of the potential valley and the lateral root emergence was about 5 to 10 h. The depth of the potential valley varied from 1 to 3 mV. In the remaining 25 primary roots, which did not show emergence of lateral roots during measurements, the flow pattern was random (as in Fig. 7a ). Because we could not predict the position of lateral root emergence at the start of measurement, we experienced many cases where no lateral roots emerged during the measurement. In some cases, a lateral root emerged on the side of the primary root opposite to where measurements were being made. The electric potential change was not observed in this case, either. This fact implies that the influx occurs locally at the future-emerging point. Figure 6 , the potential valley appeared more than 10 h before lateral root emergence. In the first 30 min, the potential difference between points of 71 and 72 mm was smaller than 0.2 mV, but later it increased rapidly to 0.8 mV with fluctuations (data not shown). The potential difference fluctuated by about 0.5 mV after the initial increment and also at the emergence of the lateral root.
DISCUSSION
Electric potential (and the electric current density) near the surface of a root can be measured by the microelectrode (11) and the vibrating electrode technique (1, 16, 25, 26) . The theory described above can give the two-dimensional electric potential (and electric current) patterns even when only the surface electric potential of a root is measured. The electric current density, as total flux of all ionic species, can be calculated approximately, whereas the flux of respective ionic species in the medium cannot be calculated exactly.
The depth of the potential valley fluctuated ( Fig. 5 ) with an amplitude that was larger than the measurement error; this implies the existence of slow-pulse electric current. Electric or metabolic oscillations can be observed at many stages, e.g. elongation of a primary root (13, 14, 22) and rhizoid formation in Fucus (18) .
The relation between the electric spatial pattern and growth or morphogenesis has been studied in other organisms. Neurite morphogenetic elongation can be controlled by externally applied current (19) . In the brown alga Fucus, the appearance of an electric current pattern precedes rhizoid formation (18) . Similar current patterns were observed in lateral roots by the vibrating electrode technique (16, 21) . Current fluxes of about 0.2 MA-cm-2 were reported when the primary root surface was deformed by about 50 ,Am or more as a result of imminent lateral root emergence. This current density is of the same order as the present case (Fig. 7c) .
The present result, however, indicates that the current pattern appears as early as 10 h before lateral root emergence. The electric current flows into the future region of lateral root emergence (Fig. 7b) , as in rhizoid formation in Fucus. The electric current may carry H+ to the valley in electric potential, resulting in H+ accumulation in this region. Generally in plants, acid is known to promote elongation (17), i.e. H+ loosens a cell wall to cause the elongation. Thus, it would be expected that H+ helps the lateral root emerge by this mechanism.
On the other hand, primordia of the lateral root are initiated in a region from 3 to 4 cm behind the primary root tip (23, 27) . In radish seedlings, the outgrowth (or development) of lateral roots starts inside the primary root about 8 h after primordium formation (3); then the lateral root emerges about 20 h later. Therefore, it is supposed that when the electric potential pattern starts to change (e.g. '2h27m' in Fig. 6 ), a lateral root primordium starts to grow out inside the primary root. The change in electric potential precedes the emergence of the lateral root. The primary root may generate an influx of electric current into the region where a primordium exists so as to project a lateral root.
The microelectrode technique used here cannot be used with sea water because of its high conductivity; the vibrating electrode is much more powerful in that case. However, the microelectrode technique is effective for studying electric phenomena in lateral-root emergence that occurs in fresh water with low conductivity. There exists the possibility of finding earlier electric events than those found here by using the vibrating electrode. This kind of study may be necessary for more understanding of lateral root emergence or initiation. Furthermore, the two-dimensional measurement at the surface of the primary root may provide new insight.
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